The development of highly concentrated phosphorus (P) fertilizers, such as triple superphosphate, by the Tennessee Valley Authority helped mark the beginning of a revolution in the way we manage food crop nutrition. Since then, scientists, with the help of farmers, have made great advancements in the understanding of P fate and transport across many environments but largely have failed to produce a new generation of products and/or application techniques that are widely accepted and that vastly improve plant acquisition efficiency. Under certain conditions, important advancements have been made. For example, applying liquid formulations of phosphates in lieu of dry granules in some highly calcareous soils has dramatically reduced precipitation as sparingly soluble calcium phosphate minerals, but other attempts, such as the co-application of humic substances, sorption to layered double hydroxides, or use of nanoparticles, have not generated the kind of results necessary to continue economically increasing crop yields without further environmental cost. New sources of fertility will need to be affordable to produce, transport, and furnish P to soil solution in a manner well synchronized with crop demand. This paper provides a review of recent literature on cutting-edge phosphorus fertilizer technology. The goal is that this synthesis will be used as a starting point from which a larger discussion on responsible nutrient management and increased P use efficiency research can be built.
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A Review of the Latest in Phosphorus Fertilizer Technology: Possibilities and Pragmatism Joseph J. Weeks, Jr., and Ganga M. Hettiarachchi* W hen alchemist Hennig Brandt stumbled across phosphorus (P) in his attempts to create gold from urine around 1669, he could not have realized the magnitude the discovery's effect would have on the world 350 years later. From bombs to fertilizers, P has become a boon and burden to human existence. Essential to all life, application of the element to agricultural systems, much like nitrogen (N), has resulted in unprecedented increases in yield, facilitating tremendous population growth and improved nutritional status of people globally (Sharpley et al., 2018) . Unfortunately, over the last century, lack of scientific and public understanding coupled with perverse economic incentives has created situations where this important agricultural tool has been applied to the point of becoming an environmental pollutant. Eutrophication of waterbodies has decreased water quality both for the aquatic life residing in these ecosystems and for humans using these sources for drinking and recreation. The ongoing issues in the Lake Erie watershed serve as one high profile example ( Jarvie et al., 2017) . The consequences of oversupply occur while simultaneously fields on some parts of the earth remain P deficient because fertilizers are too costly and/or particularly reactive soils limit their efficacy. Precision techniques, like microdosing, are helping some smallholder growers attempt to maximize returns on their investments in these areas, but substantial room for progress remains (Blessing et al., 2017) . These extremes, representing situations of P abundance and P scarcity, highlight that in the pursuit of developing better fertilizers to ensure global food security and environmental protection, the specific needs of the systems for which they are intended require contemplation as well.
For decades now, scientists and engineers have been working to understand what makes an agricultural system P efficient. Permanent losses from the field include leaching into tile drainage, soluble P in runoff, and erosion of soil particles containing P (Simpson et al., 2011) . Less obvious and more problematic to account for are what are commonly referred to as fixation reactions. Part of the challenge is that the term fixation lacks concrete definition. The word is commonly used in the literature to refer to P precipitation and other sorption processes with calcium, primarily in calcareous soils, and iron and aluminum, mostly in acid soils, that occur when fertilizers are applied. They are often interpreted through the lens of annual cropping systems and are considered to supply P to soil solution too slowly to significantly contribute to plant P nutrition within a growing season (Barrow, 2015) . One issue is that many factors dictate whether a pool of P is accessed by a plant, including but not limited to the size and lability of other P pools, N availability, crop type, rate of demand, temperature, pH, and soil water content, meaning that what is unavailable or "fixed" in one circumstance may not be in another (Syers et al., 2008; Vandamme et al., 2013) . In reality, fixed P is a somewhat fluid term that simply refers to the fraction of P in a soil that is not labile enough to be useful in the cropping system in which it currently exists. Thus, P forms that are theoretically plant accessible, P forms in systems that maximize P uptake efficiency, and P forms in systems that maximize overall crop yield may or may not be defined as fixed depending on the goal. Mildly recalcitrant P forms that are extracted by plants in a system that maximizes P uptake per unit of P added may not necessarily produce a yield equivalent to a system where the pool available for easy uptake is virtually infinite. Thinking about this issue from a chemistry standpoint, Syers et al. (2008) asserted that "inorganic P is more likely to be retained by soil components with a continuum of bonding energies." In other words, P is not found in a few, discrete forms that can be grouped according to some definition of availability. Phosphorus in the soil exists as a heterogeneous mixture of adsorbed, absorbed (diffused into the solid or embedded in the lattice structure), and mineral species, each on their own spectrum of solubility; some associations are easily reversible, while others very much are not (Barrow, 2015; Syers et al., 2008) .
Relevant to discussion of P fertilizer innovation, when P is added or removed from the soil, all of the components of the system respond accordingly by moving toward a new solution equilibrium. Crops are provided with adequate P nutrition when the contributions of each pool are able to support the required soil solution concentration for that species and can resupply P that has been taken up by roots quickly enough (i.e., buffer) to prevent nutritional deficiency. How the system ultimately responds to a fertilizer application can be influenced by the form in which a fertilizer is applied. For example, liquid P formulations added to highly calcareous soils may yield substantially better use efficiency relative to granular products of the same chemical composition (Hettiarachchi et al., 2006; Holloway et al., 2001; Lombi et al., 2004) . How we define terms like fixation or availability and how we weigh the importance of some characteristics at the expense of others are very important because those values are reflected in how we evaluate P fertilizer performance. When the highly water soluble phosphate products, such as triple superphosphate (TSP), were developed, the benefits of being both highly soluble and concentrated, making for relatively economical application to soil, were given high priority. As a trade-off, maximum soil solution P typically comes from these fertilizers shortly after soil application due to their relatively rapid dissolution and does not necessarily synchronize well with plant uptake. This ill-timing of P release relative to crop demand can impose a penalty on overall P use efficiency in some systems as fixation takes place. A wide variety of methods now exist to assess P performance, but they are not all appropriate for all soils, systems, goals, and timescales. Crucial to developing better fertilizers is critical evaluation of test results and how they relate to the goal of maximizing efficiency.
This review discusses the most relevant research related to innovation of commercial P fertilizers. The body of literature is extensive and, to our knowledge, no current paper exists that aggregates recent approaches to inorganic P sources of fertility. The scope of this discussion is limited to products that could be easily substituted into the current application practices of growers applying the traditional, highly water soluble P fertilizers. There is more work in many of these subfields than can be discussed, and in some cases, recent reviews within fertilizer categories are cited for further reference. We as a scientific community need to be more deliberate and intelligent about the way we investigate fertilizer technology, so that results can be meaningfully integrated into production practices. Laboratory and greenhouse studies are just as important as field-scale trials, but if they are designed such that they cannot translate to any current or reasonably imagined future real-world applicability, then the utility of such work is questionable. The same applies to studies in the field. If adequate controls are not included and/or soils are not responsive to the amendment and/or rates applied, then little useful information can be gleaned from the expense of many financial and labor resources. For a more detailed discussion of methods to assess the efficiency of P fertilization practices, we direct readers to FAO Fertilizer and Plant Nutrition Bulletin 18 by Syers et al. (2008) . Many of the papers discussed use P uptake and/or yield in the growing season of application as the metrics for assessing a product's worth. It should be acknowledged in a real field scenario, a portion of the P added that is not taken up could be labile for use by subsequent crops, and product choice can influence that future utility. Currently, a substantial gap in current literature exists surrounding the long-term consequences of specific fertilizer selection. The mechanisms of action being explored here are divided into four groups: slow releasers, fixation blockers, biochemical response inducers, and alternative P sources ( Fig. 1 ).
Slow Releasers
One approach being heavily explored to improve P use efficiency is to limit the physical and temporal association of the nutrient with reactive components of the soil. Considering the bond energy continuum model of P partitioning, the longer the anion is sorbed to a colloidal surface or included in a precipitate, the more stable bond configurations are likely to become and the more P will have time to migrate from the surface to more slowly reversible interior sorption sites (Barrow, 2015) . Increasing stability will not only reduce the concentration of P in soil solution but will also slow the rate at which the nutrient is resupplied once depleted. Therefore, by developing products that slowly release P over the course of the growing season, the opportunities for stronger P bond formation are minimized and these fertilizers may better synchronize P availability with crop demand. Commensurate with the predictions of this model, Nyborg et al. (1998) demonstrated that at the same total P amendment rate, repeated applications of small aliquots of fertilizer every few days significantly improved P plant recovery relative to one initial application using barley (Hordeum vulgare L. 'Leduc') in two Canadian prairie soils. At the moment, though, few reliable field studies have been published validating the advantages of this approach. Most of the products currently on the market or in development fall into four broad categories: coatings, scaffolds, organic matrices, and minerals of limited solubility.
Coatings
Coating granular fertilizers with substances to slow the initial dissolution of the product is one of the oldest methods attempted to extend P release through a growing season and increase use efficiency (Dahnke et al., 1963) . Many factors affect the success of this approach. Properties of the soil, coating, and fertilizer granule all contribute to determining the release profile in a given system.
Polymers
Controlled-release granules are typically highly water soluble fertilizers, such as monoammonium phosphate (MAP), that are surrounded by a material that restricts water movement into the product and retards diffusion of P out to soil solution. Conceptually, for a single coated urea granule, Shaviv et al. (2003a) described a sigmoidal release curve with three distinct phases (the same basic principles apply regardless of fertilizer type). The first is an initial lag period where water enters the granule and no nutrient exits. The duration of this phase is directly proportional to the product of the granule radius and thickness of the coating; the thicker the coating or larger the granule, the longer the period of time before P is released. Second is a linear release phase in which the concentration of solution P inside the coated product is kept at equilibrium with the remaining solid material and the gradient between inside the granule and the surrounding environment is steep, driving P across the coating barrier into the soil where it can be taken up by plants and microorganisms. Depletion of P from solution outside of the granule widens the gradient; thus, P supply rate is greatest during periods of maximal plant demand. Finally, when the interior granule is completely dissolved, the gradient approaches equilibrium with the soil solution as P continues to leave the product, and release rate slows. This, of course, assumes that the coating is applied evenly around the granule and does not fail (e.g., crack) at any point in the process. Attention to coating thickness, its solute permeability, granule properties, such as density and solubility, and the variance of these properties across the entire applied population can allow for better control of timing and rate of P release when applying these products (Shaviv et al., 2003a (Shaviv et al., , 2003b .
Experimentally, Fernandes da Cruz et al. (2017) demonstrated that coating thickness strongly regulates P diffusion. Castor polyurethane applied to diammonium phosphate (DAP) granules at 3% by mass or less produced release profiles very similar to no coating at all, likely due to incomplete coverage. Coating of 4.5 to 7.5% showed moderate dissolution, whereas 9.0% or greater drastically delayed P migration into an Oxisol soil. Consistent with the theoretical descriptions of Shaviv et al. (2003a) , the 9.0% treatment showed the longest lag phase, followed by steadily increasing P availability when the experiment ended after ~28 d. This result suggests that depending on crop demand, adjusting coating thickness could be an effective strategy to choreograph nutrient release with plant recovery of P over time. Similar results were also reported by Du et al. (2006) using a "polyurethane like" material. Increasing temperature reduced differences in release rates from coatings of varying thicknesses. Interestingly, the lag time was slightly shortened when a thicker coating was applied to an N-P-K granule relative to a thinner coat. No explanation currently exists for this counterintuitive observation. For field practical purposes, the group suggested that perhaps blending granules with different coating thicknesses might help tune P release rates to correspond to crop need particularly when growing in cold spring soils (Du et al., 2006) . Over the years, many more coatings have been developed for P and N than can be reasonably covered herein. Readers are referred to Majeed et al. (2015) for a more in-depth discussion. While coating release characteristics are important to test and understand, performance reflected in increased yield and plant uptake of P is essential. The agronomic and environmental benefits of polymer coatings on N fertilizers, such as urea, are reasonably well supported in the literature, but scarce peerreviewed material has been published on their impact in regard to P (Chien et al., 2009 , McLaughlin et al., 2011 . Even less attention has been given to how P chemistry in soil is altered by the slow-release behavior. In greenhouse pot studies, Pauly et al. (2002) observed that MAP, but not DAP, granules coated at 1.8% by mass with a proprietary polymer greatly improved P uptake in barley ('Leduc') grown on soils collected in Alberta, Canada. A thicker coating at 2.2% was less effective because the P release rate was too slow to meet crop demand. García et al. (1997) , however, did not see increased P uptake by ryegrass (Lolium perenne L.) when testing TSP and DAP coated in pine lignin and rosin, respectively, when applied to two calcareous soils. These studies suggest that further research into how fertilizer type, coating, soil, crop, and other environmental factors all interact will be necessary to determine the situations wherein use of polymer coated granules is an effective strategy.
Advanced Modifications
Scientists are not only focusing on coating materials themselves, but additional post-coating modifications are being explored to further tune granule performance. Xie et al. (2017) modified a cottonseed oil-based polyurethane coating by roughening the surface with a SiO 2 -diatomite hydrosol followed by immersion in a perfluorodecyltrichlorosilane solution to attach fluoroalkylsilane groups, making the original hydrophilic coating extremely hydrophobic. This conversion to hydrophobicity allowed for the creation of an air barrier between the granule and soil solution that only water vapor could cross, slowing granule hydration and delaying nutrient release. Jin et al. (2013) took a different approach and embedded DAP into a starch matrix and extruded a granular product. They further processed the granule by adding a starch/poly(acrylic acid-co-acrylamide) coating as a superabsorbent jacket. This processing appeared to slow N and P release, but performance was measured based on the amount of nutrient remaining in the granule after specified durations of soil application, not how much of the nutrient was recoverable in the soil. Regrettably, soil property information was also not provided, so true assessment of the efficacy of this product is difficult at this time.
Materials can also be manufactured to make coatings that are responsive to environmental stimuli. Ma et al. (2013) explored the development of a thermosensitive coating composed of polydopamine-graft-poly(N-isopropylacrylamide). Normally, as soil solution temperatures increase, the amount of nutrient to cross the coating barrier increases as a result of accelerated chemical kinetics. The novel approach used in this study creates a situation in which the opposite can be observed. The poly(N-isopropylacrylamide) strands attached to the outer surface of the coated granule possess a lower critical solution temperature (LCST) of approximately 32°C. At temperatures lower than the LCST, the strands extend radially into solution and allow nutrients in the granule to diffuse outward. At temperatures higher than the LCST, the strands collapse to the coating surface and restrict P release. While the utility of a such a system that responds at 32°C is not immediately obvious, the concept could be useful if the mechanism was engineered to be more responsive at lower temperatures. Considering that in the spring, the soil is generally cold, so that granule dissolution would be slow, this type of coating would theoretically allow for faster supply then but restrict release during warmer parts of the growing season when granule dissolution might be more rapid than plant uptake. Approaches like this could limit P interaction with soil colloids and simultaneously provide adequate crop nutrition. Much more research is needed to establish the feasibility and efficacy of these types of modifications.
pH Modifiers
Another approach to altering the partitioning of P around fertilizer granules is to coat or co-granulate with products that can acidify the surrounding soil in alkaline environments or raise the pH of acidic soils. In most cases tested to date, ammonium and elemental sulfur (S 0 ) are often used to generate protons as a by-products of microbial oxidation, while silicate has been studied as a proton scavenger to neutralize acid soils. The rationale in both cases is that P solubility will be improved as conditions approach neutral pH. Results have varied widely. Readers are encouraged to consult McLaughlin et al. (2011) for a more detailed discussion of these products.
Scaffolds
A second method to slowly release P is to load the nutrient onto a material that then allows the anion to be released to soil solution by a combination of chemical mechanisms, such as ligand displacement and dissolution, dictated by the interactions between P, scaffold material, plant, and environmental conditions.
Nanoparticles
A particle is commonly defined as being "nano-" when at least one dimension measures less than 100 nm in length (Powers et al., 2006) . Interest in developing fertilizers using these very small products has surged over the last decade or so given the need for more efficient sources of nutrition and increased understanding of how particle behavior changes on the nanoscale relative to larger solids of the same composition. One issue, however, is that they often readily aggregate when placed in aqueous solution, meaning that they can quickly lose advantageous "nano" properties if not designed or applied correctly (Liu and Lal, 2014) .
Recent research strongly suggests that under situations in which the solution concentration of free orthophosphate (OP) is low, colloid-associated P can become a significant contributor of nutrition to crops (Montalvo et al., 2015a) . The implications of this finding are yet to be fully explored, but work by Santner et al. (2012) demonstrated that P loaded nano-Al 2 O 3 possessed greater capacity to supply P to Brassica napus L. 'Caracas' compared with an unbuffered aqueous supply of OP in a hydroponic medium. Because P uptake is likely a diffusion limited process, nanoparticles suspended in solution that move into the diffusive layer around roots are capable of buffering P solution concentration. This has the effect of shortening the distance P is required to diffuse, keeping P concentrations at transport sites of the root closer to bulk solution concentrations than would be possible without the additional benefit of colloidal transport. The efficacy of this sort of approach in soil is unknown but highlights an important mechanism by which nanoparticles may be able to better carry P in the future.
Graphene Oxides
Since first being discovered in 2004, graphene and its oxide form have become an important platform for innovation in a variety of sectors, including the processed food industry, pharmaceuticals, and the military (Novoselov et al., 2012; Robinson et al., 2008; Yoo et al., 2014) . The material's two-dimensional carbon structure creates an extremely high surface area with a theoretical maximum of 2600 m 2 g -1 that can be functionalized to suit myriad chemical applications and likely be designed to be environmentally benign (Sanchez et al., 2012) . Work is just beginning using this material as a scaffold to hold and slowly release P. Andelkovic et al. (2018) demonstrated in a small column study and through application to three soils of varying inherent characteristics that the product does slowly release P over time relative to more common water-soluble fertilizers (e.g., MAP). The agronomic effectiveness of the product remains to be tested. The current iteration was capable of loading 48 mg P g -1 graphene oxide, making transportation and application economically challenging (MAP contains ~227 mg P g -1 ), but the authors were confident that further research will allow for the creation of products containing a greater concentration of the macronutrient. Additionally, a small number of papers have been published citing the ability of graphene to reclaim P from enriched water. Its ability to then return the nutrient to crops in the form of a fertilizer also requires investigation (Luo et al., 2016; Tran et al., 2015) .
Layered Double Hydroxides
Layered double hydroxides (LDH), sometimes dubbed anionic clays, are often synthesized as magnesium and aluminum hydroxide sheets intercalated by anions, such as nitrate or bicarbonate. Their structure is generally expressed by the formula
where M 2+ and M 3+ are di-and trivalent metallic cations [x = M 3+ /(M 2+ +M 3+ )], respectively, and A mis the intercalated anion. During synthesis, the greater the proportion of aluminum included, the greater the anion exchange capacity of the material (Everaert et al., 2018) . Recently used in a variety of applications, such as controlledrelease pharmaceuticals, they have received attention both as a material capable of preferentially recovering P from wastewater and as a slow-release source of P fertility in agriculture (Koilraj et al., 2013; Kong et al., 2019; Nalawade et al., 2009) .
In 2016, Everaert and colleagues found the optimal Mg/Al ratio to be 2:1 to increase both P loading and desorption (Everaert et al., 2016 (Everaert et al., , 2018 . Maximum sorption capacity by mass is currently similar to the graphene oxides and seems to be around 4% (Benício et al., 2016; Bernardo et al., 2018; Everaert et al., 2017) . When blended in powder form with soil and compared against common fertilizers (e.g., MAP, TSP), the LDH treatments produced barley, maize (Zea mays L.), and wheat (Triticum aestivum L.) seedlings of greater or at least equal P uptake and biomass in tropical acid soils, while performance was more questionable in neutral and calcium-rich soils, especially at unrealistically high P application rates (300 mg P kg -1 soil). The improved performance under acid conditions may be due to the increased pH observed as a result of LDH treatments, as well as the fact that the slow release characteristics of the product reduce P interaction with highly reactive iron and aluminum oxyhydroxides (Benício et al., 2016; Bernardo et al., 2018; Everaert et al., 2016 Everaert et al., , 2017 . The pH increase in acidic media can be explained in part by the dissolution of the LDH scaffold, as well as by proton scavenging by released P in the dibasic form (Parello et al., 2010) . Because assays that blend powdered fertilizers into soils do not accurately represent field situations where farmers typically add fertilizer as a liquid or dry granule, Everaert and colleagues in 2017 compared their performance as both powder and granules using a 100-d incubation study. When LDH were applied to three different soils as a granule, 74 to 90% of the P remained within the product itself. The granules also showed a relatively small diffusion distance in all soils compared with granular MAP, but the greatest movement was observed in the neutral soil followed by acid and then calcareous soil. Subsequent pot trials with wheat seedlings in both acid and an alkaline media revealed that when applied as granules, MAP vastly outperformed the LDH treatments. Applying the materials as powders decreased differences, but no powdered treatment performed as well as granular MAP (Everaert et al., 2017) .
A major disadvantage of these P-loaded LDHs is that at maximum, only about half of the P is able to be desorbed from the scaffold on timescales relevant to crop growth, leaving a large amount of P potentially unavailable in the soil. This, coupled with the low total loading rate (~4%), makes economical application of these products seemingly impractical at the field scale (Benício et al., 2016; Everaert et al., 2016) . Mechanistic work on these products reveals that P becomes trapped on the interior of the interlayer gallery as the nutrient exchanges with solution anions closer to scaffold edges. Everaert et al. (2018) witnessed that isotopic exchangeability (proxy measure of lability) of P after LDH products were subjected to desorption experiments was indirectly correlated to the amount of P desorbed, and the amount of P desorbed was dependent on the concentration of sodium bicarbonate used as a competing anion. The higher the NaHCO 3 concentration in the solution to which the product was subjected, the more total P was desorbed, and the less the remaining P was isotopically exchangeable. The authors stated that "the HCO 3 anions diffuse from the solution towards [LDH] surface sorption sites and into the interlayer galleries, thereby replacing the initially present PO 4 via anion exchange. The PO 4 at the crystal edges and at the periphery of the basal plane will be replaced first. However, further anion exchange between HCO 3 and intercalated PO 4 might be slow as a result of the counter-diffusion of PO 4 and HCO 3 anions. The PO 4 remaining in the center of the basal plane becomes more fixed as it needs to pass a layer of strongly bound intercalated HCO 3 anions before desorption" (Everaert et al., 2016, p. 31 ). This finding is unfortunate for the future of LDH, as it means a potentially significant proportion of the plant nutrient becomes locked into the product itself and provides little benefit to the intended crop. Perhaps under acid conditions, this is less of a problem if the LDH scaffold dissolves freeing locked intercalated P (Everaert et al., 2016) .
Interestingly, LDH scaffolding may also have an adverse effect on the availability of other nutrients, such as sulfate, once the phosphate anion is released. This may be due to the affinity of the LDH for other anions necessary for plant production or to the increases in soil pH often observed when these products are applied (Benício et al., 2016; Everaert et al., 2016) . Supplementation of sulfate allowed LDH-P to produce comparable biomass as potassium phosphate in a calcic Cambisol when growth was otherwise hindered (Everaert et al., 2016) .
While the traditional LDH products appear to release too little P too slowly to optimally supply the nutrient during crucial periods of plant development, recently Kong et al. (2019) may have discovered how to make LDH more practical to apply. By reacting periclase with the magnesium aluminum phyllosilicate, palygorskite, in a relatively simple procedure, the group synthesized two LDH-based materials. The original product and a calcined version (layered double oxide) possessed threedimensional, flowerlike structures and P sorbing capacities of approximately 23 and 45% by mass, respectively. The original LDH material sorbed less P but exhibited greater P release from the interlayer gallery spaces, relative to the more reactive, layered double oxide that retained P through inner-sphere complexation. Like other LDH, both products showed preference for OP over a variety of competing anions in solution, making the sorbents attractive for wastewater treatment. A small, 21-d pot trial with barley using the LDH version loaded with P demonstrated compatible and possibly better P uptake and yield as compared with struvite and KH 2 PO 4 , although the physical form of the fertilizers was not specified (Kong et al., 2019) . If significantly greater loading is possible with these new materials, perhaps the issues outlined in previous studies that made the future use of LDH in agriculture appear dubious can now be overcome and fieldfeasible products can eventually be developed.
Organic Matrices
Supplying P in a network of C compounds may slow the anion's migration to soil solution by retarding diffusion rates through increased path tortuosity and/or requiring structural decomposition as a requisite to environmental exposure.
Superabsorbents
A variety of superabsorbent compounds with water absorption capacities of many hundreds of times their own mass have been synthesized from synthetic and natural compounds. Some groups have attempted to suspend fertilizer nanoparticulates within the organic matrix, while others have actually reacted phosphoric acid with the absorbent compound itself. For example, Zhong et al. (2013) used a sulfonated cornstarch-based superabsorbent material to suspend rock phosphate passed through a 200-mesh screen. The material was dried but could absorb ~300 times its own mass in water, keeping moisture in the soil while slowly releasing P. Water-soluble P was increased six times as compared to normal rock phosphate but still only comprised 6% of total P in the material. Zhan et al. (2004) , on the other hand, reacted phosphoric acid with polyvinyl alcohol to create a material with a maximum water absorption capacity of 480 times its own mass that significantly slowed evaporation when applied to soil and exhibited slow-release capabilities. Possessing a content of 13.6% P, when placed in a beaker of water, roughly one-quarter of that total was released over the first 24 h, while 79% was discharged at the end of 28 d.
The P-supply efficacy of many of these materials has not really been tested in soil, making evaluation of their current promise challenging. Additionally, the impact of these organic compounds on long-and short-term soil health remains to adequately assessed. Some suggest that soil physical properties, such as aggregation and water-holding capacity, can be greatly enhanced, but the response of components, like the soil microbial community, requires investigation (Wilske et al., 2014) .
Metal-Organic Frameworks
Metal-organic frameworks are porous, crystalline precipitates of metal cations and organic, anionic "linkers." While more than 20,000 different forms have been discovered, many designed for industrial uses are composed of environmentally toxic transition metals and petroleum derived carbon-based anions. Some, though, have been developed in recent years to deliver plant nutrients and/or useful agrochemical products to soil when the structure is dismantled through microbial degradation or hydrolysis by water (Xie et al., 2017; Yang et al., 2017) . Because simple adjustments to synthesis techniques (e.g., reaction temperature, metal cation, organic anion) often allow for tuning the material's structure to control aspects like pore size and surface area, these materials have become increasingly attractive for researchers searching for new P fertilizers (Anstoetz et al., 2016) . Anstoetz et al. (2015) synthesized an oxalate-phosphateamine metal-organic framework (OPA-MOF) (12.5% P) in an attempt to create a fertilizer that slowly released both N in the form of urea and P as OP as the oxalate scaffold of the material decomposes. Wheat pot trials in a Rhodic Ferralsol harvested 6 wk after sowing and at maturity showed OPA-MOF addition increased yield and biomass as compared to control and ureaonly treatments but less than TSP-only and urea + TSP amendment. These results suggest that in severely P deficient soils, the OPA-MOF may be incapable of supplying P at a rate adequate for maximal plant growth. Testing under different conditions is advised. For example, Fe 3+ , an important element of the OPA-MOF structure, would be released on decomposition as well and may be useful in alkaline soils where Fe deficiency is often a problem. Further research on the impact of changing the molar ratio of urea, the source of amine, as the structure-directing agent in the initial synthesis solution has produced results that are somewhat inconclusive to date. The urea content may alter the crystallite structure, final P and N content, and solubility of the resulting material. Refinement of this process could lead to a product that supplies both N and P at rates more optimal for crop production (Anstoetz et al., 2016; Usman et al., 2018) .
As with other sorbent structures discussed here, MOFs have been applied to P wastewater recovery efforts. Xie et al. (2017) investigated Fe-terephthalic acid and Fe-2-aminoterephthalic acid P sorption properties in eutrophic waters with reasonable success. The recovery product's utility for future agricultural application remains to be seen as desorption from the Fe-P bond is slow. Potential may exist for removing P from the loaded material and repackaging the recovered product for field application.
Minerals of Limited Solubility
Selective use of sparingly soluble phosphate minerals may provide a pool of OP that supplies plant nutrition later in the growing season or in subsequent cropping systems. Such use may also recycle P from waste streams that currently are being disposed of in an irresponsible manner.
Rock Phosphate (Apatites)
Rock phosphate, the mined raw ore from which virtually all P fertilizers originate, is highly insoluble and has been explored as a slow-release fertilizer for many years. While the mineral source plays a significant role in the agronomic effectiveness of its application (e.g., a greater degree of carbonate isomorphic substitution for OP in the crystal lattice produces a more soluble mineral), the general scientific consensus is that apatites often supply P too slowly to maximize yield in annual crops under low soil test P conditions (Chien and Menon, 1995) . They may, however, have a role to play in perennial systems on more acidic soils where rainfall is common (Chien et al., 2009; McLaughlin et al., 2011) . Chien et al. (2009) nicely reviewed these products and the various modification that have been made to improve their efficacy. For more information, readers are referred to their work.
Mineral Wastewater Recovery Products
Appropriate disposal of excreta on farms and in urban areas is a growing worldwide concern. Animal farms are becoming fewer in number but larger in size, and more and more humans are living in cities, leading to huge surpluses of P in relatively small geographic areas, while deficiency remains in other parts of the world (Cordell et al., 2009) . Typically, animal manure is directly applied to land surrounding farms, while most human waste is incinerated, landfilled, or discharged to waterbodies, with a smaller portion being used for agriculture (Paramashivam et al., 2017) . These management approaches represent large leaks in the global P cycle. Increased use of the biomaterials "as is" in agricultural systems is often hampered by their bulky nature, making economical transport and field application to the soils with the greatest need of P but far from the farm untenable. Additionally, their N/P content is ill matched to crop demand (i.e., the ratio of N/P in manure is lower than the N/P of crop uptake), and the real and perceived risk of their application is under increasing scrutiny concerning soil, water, and food contamination with toxic trace elements, pathogens, and/or synthetic xenobiotics (e.g., antibiotics and personal care products) (Paramashivam et al., 2017) . As a result, a variety of approaches are being pursued to process the material into more concentrated, clean agricultural fertilizers. Szogi et al. (2015) outlines many methods under development for animal manures, while Bunce et al. (2018) goes into detail surrounding human wastewater treatment plants and potential applications for small-scale domestic systems.
Of all the wastewater P recovery processes being researched, struvite precipitation has received the most attention in regard to testing as a fertilizer. With a chemical formula of MgNH 4 PO 4 ·6H 2 O, struvite can simultaneously supply three nutrients essential to plant growth. Synthesized typically via precipitation directly in wastewater or in anion exchange sorbent eluant by either adding high concentrations of MgCl 2 followed by base application (e.g., NaOH or KOH) or adding Mg in the form of MgO or Mg(OH) 2 and allowing the pH to increase naturally, the fertilizer has frequently been reported to perform as well as more conventional fertilizer products if ground and blended into soils (Ackerman et al., 2013; Antonini et al., 2012; Degryse et al., 2017; Le Corre et al., 2009; Sengupta and Pandit, 2011) . When applied as granules, however, as dry fertilizers in agronomic situations commonly are, performance is often compromised (Ackerman et al., 2013; Degryse et al., 2017; Everaert et al., 2017; Talboys et al., 2016) .
The effectiveness of struvite granules, with a relatively low solubility in distilled water but high solubility in citric acid, appears to be greatly dependent on soil conditions, cropping system, and recovery method (Antonini et al., 2012; Degryse et al., 2017 , Everaert et al., 2017 Talboys et al., 2016) . For example, Everaert et al. (2017) observed that struvite granules in a 100-d Petri dish incubation experiment showed less diffusion than MAP but greater lability in the soil <8 mm from the point of application. This is likely because the granule did not completely dissolve in the acid, neutral, or calcareous soils tested. The grinding of the soil after incubation, use of a wide solution/soil ratio in extractions, and mixing of the excavated sample (including the remaining granule) likely induced P dissolution beyond what would actually occur in an agricultural soil. Struvite diffusion distance from the point of application in each soil followed the pH order neutral > acid > calcareous, while lability favored the acid soil followed by the neutral and then calcareous. Struvite becomes more soluble as pH decreases, so this observation is not surprising (Lindsay, 1979) .
According to Talboys et al. (2016) , only about one-third of each struvite granule dissolved in a Eutric Cambisol (pH 6.0) during a 90-d spring wheat experiment; the remaining portion could be physically recovered while TSP granules could not. Spring wheat P uptake was significantly diminished when struvite was the sole source of P, but further pot trials with buckwheat (Fagopyrum esculentum Moench) exhibited uptake comparable to DAP. Laboratory dissolution experiments using a variety of naturally occurring low molecular weight organic acids (LMWOAs) revealed greater dissolution of struvite relative to pure water and "infinite-sink" anion exchange resin results. Since buckwheat is known to exude LMWOAs in greater quantities than spring wheat, the authors suggested that struvite may be a more appropriate fertilizer for some crops than others. The variable ability of different crop species to access sparingly soluble forms of P has been demonstrated elsewhere as well (Wang et al., 2011) . This mechanism is further supported by mCT scan experiments by Ahmed et al. (2016) , where struvite dissolution was not really registered until roots proliferated in close proximity to the granule. Solution P depletion creating a strong gradient promoting faster dissolution is also possible. It is likely that multiple factors contribute to this observation.
Regarding the synthesis method, those granules precipitated using MgCl 2 or exactly appropriate amounts of MgO perform better than those with excess MgO. The remaining base captured within the product in the excess MgO methods produce zones of increased pH around the granule in the soil that are counterproductive to struvite dissolution . Irrespective of conditions, most pot trials using struvite granules fail to produce aboveground biomass equivalent to products like MAP. Under acidic conditions, Degryse et al. (2017) did find that ground struvite produced comparable biomass to MAP, suggesting that particle size should be seriously considered when applying this product. Dissolution also appears to be accelerated by soils with high sorption capacity Everaert et al., 2017) . As a way to integrate some of this waste stream recovery product into agricultural systems, Talboys et al. (2016) suggested that potentially blending the more traditional granular fertilizers with struvite may provide early-and late-season release. In their study, early P uptake matched 100% DAP when a 20:80 Struvite/DAP mixture was used. Important to note, DAP can inhibit struvite dissolution early on due to high solution P concentrations if the granules are collocated.
A smaller number of studies have looked at the agronomic effectiveness of calcium phosphate precipitates from wastes as well. Much like struvite, the water solubility of calcium phosphate precipitates is low, but citrate solubility is very high (>90%), suggesting that their utility will be best under more acid conditions and/or in concert with plant root LMWOA exudation (Szogi et al., 2012) . Szogi et al. (2012) compared recovered Ca-P from swine and broiler manure to TSP and fresh broiler litter in vertical column studies filled with a sandy, coastal plains soil and found that when applied at a high rate (74 kg P ha -1 ), all were able to adequately supply P to cotton (Gossypium hirsutum L.) for the 8-wk trial; P uptake and biomass exhibited no significant difference. Triple superphosphate did appear to leach further down the soil profile than the recovered products, and all remained relatively labile according to Mehlich-3 extraction. Assessment of the true performance of these waste products is challenging, however, as the fertilizers were thoroughly mixed with the top 15 cm of soil and a very high rate of application was used. As has been noted before, unrealistic application methods obscure interpretation for real world use. Furthermore, use of the acidic Mehlich-3 extraction (pH = 2.5) as an assessment of P plant availability may be suspect in experiments where short incubation periods are used. If the sparingly water-soluble recovery products did not completely dissolve in the sandy soil after the approximately 2-mo experiment, the low pH extractant solution is likely to remove the remaining fertilizer and thus overpredict the amount of P that is truly available for plant uptake. The evidence is convincing, though, that these products can play a role in supplying P nutrition. Identifying the systems in which they will be most effective will be key.
Nano-Hydroxyapatite
While wastewater-derived calcium phosphate minerals may or may not prove to be highly effective fertilizers, recovery in a nanoparticulate form may confer added properties, such as increased solubility due their increased surface area, that create an inexpensive and effective product for growing crops in highly weathered soils (Montalvo et al., 2015b; Roberts et al., 2015) . The behavior of these particles on addition to soil is complex, however. Wang et al. (2015) used columns of sand to show that pH, organic matter concentration/composition, and the presence of mineral colloids, such as goethite, can dramatically alter the ability of these particles to move in the profile and supply dissolved phosphate ions to plants. Application under basic conditions (pH = 10.5) prevented aggregation of particles, enabling greater movement through pore channels, but hydroxyapatite (HAP) is highly insoluble under these conditions. The opposite was true at pH = 6.5. Particles agglomerated and did not transport well, but 10% of the material dissolved and thus would have likely been available for plant uptake. Xiong et al. (2018b) compared nano-hydroxyapatite (nHAP) prepared to possess positive, neutral, or negative surface charge with TSP and bulk HAP in incubation studies of an Ultisol and a Vertisol. In general, TSP vastly outperformed the HAP treatments in the alkaline Vertisol due to the limited solubility of HAP at high pH, but in the acidic Ultisol, the nHAP applications over time were as extractable, if not more, than TSP. The nHAP possessing a negative surface charge showed the most diffusive gradient in thin-films (DGT) P removal of any treatment at 45 and 240 d after application, suggesting that nanoparticulate preparation technique and the resulting physiochemical characteristics could ultimately affect P fate (Xiong et al., 2018b) . A vast discrepancy of day 1 extractability results in this study for the Ultisol soil, where Colwell-P, anion exchange resin P, and DGT P recorded not only different absolute values for the same treatment but exhibited varying inter-treatment trends, highlights how important proper extraction selection is to interpreting results. This was illustrated when the same group followed up the experiment with a sunflower (Helianthus annuus L.) pot trial using the same soils and nHAP materials. Biomass and P uptake results most closely mirrored the DGT results of the original study (Xiong et al., 2018b) in the Ultisol, and the nHAP possessing negative surface charge produced the greatest biomass. Although this finding is interesting, the tissue concentration of Zn and Fe in the control and rock phosphate treatments were concerningly high, suggesting a possibly confounding toxicity effect. In the Vertisol, as all the chemical extractions demonstrated, TSP performed best (Xiong et al., 2018a) . The superior accuracy of DGT relative to Colwell and anion resin methods in assessing true plant availability of P has been documented before (Mason et al., 2013) . The main disadvantage is that it is more labor intensive than traditional wet chemical extractions. Montalvo et al. (2015b) explored nHAP movement relative to bulk HAP and TSP in Andisols and Oxisols using both column experiments and a wheat pot study. A 0.1 M trisodium citrate capping agent was used in an attempt to prevent nanoparticle aggregation; this was only marginally effective. The nHAP moved more readily than TSP in the Andisol column; however, the opposite was observed in the Oxisol. Further investigation confirmed this was due to particulate, rather than soluble anion, translocation. Few particles were found in the Oxisol leachate, and bulk HAP particles did not move in either column. The Andisol had a much higher organic C concentration and lower bulk density that may have facilitated nanoparticulate transport by mass flow. Also, previous studies showed that organic C compounds prevented nanoparticulate clustering and promoted blocking behavior . Wheat shoot biomass and P uptake at 6 wk followed the general trend TSP ≥ nHAP ≥ bulk HAP. Liu and Lal (2014) demonstrated the capacity of nHAP applied in a carboxymethyl cellulose solution to match the performance of dissolved Ca(H 2 PO 4 ) 2 in a greenhouse pot study of soybean [Glycine max (L.) Merr.] utilizing a peat moss-perlite growing medium. Phosphorus lost to leaching was not quantified, however, so the final results may be confounded if one P source preferentially leached from the porous material. A mildly calcareous and highly calcareous (7.1 and 34.7% CaCO 3 , respectively) soil were used to compare P supply capacities of phosphoric acid and nHAP to lettuce (Lactuca sativa L.) plants by Taşkin et al. (2018) . As was the case in the study by Liu and Lal (2014) , biomass production statistically matched the performance of the soluble reference P source, and nHAP treatments even seemed to produce slightly greater growth. Potential appears to exist for application of nHAP to some soils, but further work is necessary to establish the fertilizer formulation, soil type, growing conditions, economics, and application methods under which benefit can be reliably expected.
It should be noted that work is also going on to create urea-nHAP hybrids that show tremendous promise as a slower release source of N (Kottegoda et al., 2017) . The symbiotic relationship of the co-application on the dynamics of the P component still needs to be quantified.
Blockers
Much research has been dedicated to the idea that co-addition of large, carbon-based compounds possessing high negative charge with phosphate can block fixation reactions caused by antagonistic polyvalent cations (e.g., Ca 2+ , Fe 3+ , Al 3+ ) and ultimately lead to improved P lability. Evidence of the success of this approach is limited. Two of the major categories are described below.
Maleic-Itaconic Polymer
AVAIL is a high negative charge density (1000 cmol c kg −1 at pH 6.2), maleic-itaconic, biodegradable polymer produced by Verdesian Life Sciences LLC (Doydora et al., 2017) . When applied as a coating to fertilizer granules or mixed with liquid formulations, such as ammonium polyphosphate, the product is claimed to complex antagonistic polyvalent cations in soil solution and/or compete for highly reactive, inner-sphere sorption sites on colloids to mitigate slowly reversible P fixation reactions (Doydora et al., 2017) . The validity of this product and mechanism of action is contested, however, as the published literature displays a wide spectrum of methodological quality and results. A cohort of researchers argued that AVAIL demonstrates no reliable positive response, while several field-level studies suggest that under certain cropping systems, soil types, organic matter concentrations, moisture levels, and total P statuses, increases in yield and P uptake are observable (Chien et al., 2014; Sanders et al., 2012) . A meta-analysis of 503 published field studies by Hopkins et al. (2018) combed through as much available experimental data as was obtainable to show that under conditions of low soil test P, extreme pH (i.e., acid or alkaline conditions), and low fertilizer application rate, the average yield increase over a variety of crops was 4.6% compared with 2.1% when the entire dataset was applied. This paper highlights an important point that is not stated enough when evaluating these kinds of products: the conditions under which improved efficiency concepts are tested need to be such that an effect could reasonably be observed. Testing a product under high soil test P with a high fertilizer rate and concluding no treatment effect is in a sense intellectually dishonest and counterproductive because there would be no reason for an effect to be observed (i.e., all of the P requirement would be satisfied with or without the fertilizer enhancement product). Whether a 4.6% increase in yield under these conditions is economically viable for farmers is a concern specific to individual cropping systems . Other scientists believe that an increase this low is well within the natural variance that could be observed of any set of studies and thus is insufficient to promote to farmers (Chien et al., 2014 (Chien et al., , 2018 .
Laboratory-scale and theoretical studies exploring the proposed mechanism of action for increased P use efficiency resulting in the observed increase in yield have not found conclusive evidence for the reduction in P fixation hypothesis (Chien and Rehm, 2016; Degryse et al., 2013; Doydora et al., 2017; Pierzynski and Hettiarachchi, 2018) . Many reasons for this are possible. One is that the proposed mechanism is incorrect and the beneficial effect of AVAIL under certain conditions is due to an unknown mechanism. Experiments and stability constant calculations indicate that the concentrations of antagonistic polyvalent cations in soils are too high and that their affinity for phosphate is too strong for a logistically feasible amount of maleic-itaconic polymer to be added and make a noticeable impact on P behavior (Chien and Rehm, 2016; Degryse et al., 2013; Doydora et al., 2017) . The product is simply overwhelmed. Murphy and Sanders (2007) presented preliminary, basic evidence suggesting that under acid conditions, AVAIL may reduce aluminum toxicity. Another explanation could be that most of the laboratory-based studies do not include a live plant component. Degryse et al. (2013) did investigate AVAIL in a pot trial and found no benefit to adding the product, but the wheat seedlings ('Frame') were only grown to 6 wk in 300 g of soil. Pot trials have their limitations when it comes to field applicability, and because the plants were not grown to maturity, it is difficult to say why no effect was observed (Poorter et al., 2012) . Perhaps the three soils tested were not responsive to the AVAIL mode of action, possibly there is a late-season advantage, or perhaps a benefit that does not apply to wheat accounts for the successful field studies. More thoughtful, well-designed experimentation is needed to establish the relevance of this product to improving P fertilization practices.
Humic Substances
Some of the more controversial products sold to enhance fertilizer efficacy that frequently receive attention are the humic substances, defined by the International Humic Substances Society (IHSS, 2007) as "complex and heterogeneous mixtures of polydispersed materials formed by biochemical and chemical reactions during the decay and transformation of plant and microbial remains." Growers and scientists are currently working to parse whether the commercial versions of these products reliably confer benefit to cropping systems and, if so, what the mechanism of action may be (IHSS, 2007; Kleber and Lehmann, 2019; Lyons and Genc, 2016; Olk et al., 2019) . One common hypothesis is that the high cation exchange capacity associated with many of these substances outcompetes P and blocks reactions with iron and aluminum in acid soils and calcium in calcareous soils (Lyons and Genc, 2016) . As with the maleic-itaconic polymer, Degryse et al. (2013) concluded that this mechanism to prevent fixation was likely not viable, although they did not specifically vet humic substances. Others have been unable to demonstrate the utility of this mechanism as well, but results in some published studies suggest that humic substances or at least elevated levels of soil organic matter seem to increase P extractability (Borggaard et al., 2005; Delgado et al., 2002; Guedes et al., 2016; Weeks and Hettiarachchi, 2018) . Possible explanations for the discrepancies and constant debates are that the humic substances simply cannot be applied economically at the rates required to occupy the myriad sites available for reaction in soil, the organic matter content and inherent properties of the study soil are confounding the treatment effects, the way in which P recovery is quantified is inconsistent, and/or that the various products sold are not chemically similar enough to provide replicable results across studies. Humic and fulvic acid labels are operationally defined by their extraction procedures, so depending on the starting material and exact methods used, the final products could be quite dissimilar. If cation sequestration is not the mechanism, others, including stimulation of soil microbiota and plant hormonal interactions, are postulated as well (Calvo et al., 2014) .
Inducers
Some researchers believe that one key to improved P cycling and efficiency in agricultural systems actually comes in the form of stimulating natural biogeochemical processes using compounds that do not contain P at all.
"Oxide" Nanoparticles
A growing body of research surrounds the soil application of nanoparticles that do not include P to induce greater recovery of P from plant unavailable pools. Anatase (TiO 2 ), magnetite (Fe 2 O 3 ), zinc oxide (ZnO), and Cu nanoparticles are among those most often investigated (Servin et al., 2015) . The mechanisms of action are not abundantly clear and may vary by nanoparticle, crop, and soil type, but the evidence seems convincing that at least in some cases, treatment effects are significant. Raliya et al. (2016) demonstrated in a greenhouse study of a sandy loam soil amended with manure that foliar applications of ZnO nanofertilizers synthesized by soil fungus Aspergillus fumigatus substantially increased above-and belowground biomass production and yield of mung bean (Vigna radiata L.) compared with both the no Zn added control and foliar application of bulk ZnO (size distribution was not reported) particles applied at the same concentration. Additionally, acid phosphatase, alkaline phosphatase, phytase, and dehydrogenase enzymatic activity in rhizosphere soil of ZnO nanoparticulate treatments greatly increased along with the populations of fungi, bacteria, and actinomycetes. As a combined result of all these parameters, total P uptake was increased by ~11% as compared to control, while the bulk ZnO only increased P uptake by ~2%. The authors attributed the results to nanoparticles' increased transport through the leaves, enhanced intracellular movement, greater ease of dissolution, and the negative surface zeta (z) potential. Zahra et al. (2015) reported increased biomass production and P uptake in Lactuca sativa grown in a sandy loam amended with Fe 3 O 4 and TiO 2 nanoparticles. Further investigation of nano-TiO 2 by the same first author coupled with metabolomic analysis suggested that internal biochemical pathways are altered by the presence of these compounds. Whether this is in response to stress, micronutrient deficiency correction, or a different mode of action is currently unclear (Lyu et al., 2017; Zahra et al., 2017) . Hanif et al. (2015) observed a very small increased in Olsen extractable P but significant improvement in biomass production with application of TiO 2 and almost a full unit drop in soil pH after cultivation of L. sativa in soil amended at 100 mg kg -1 . The authors attributed the results to exudation of organic acids causing the acidification and subsequent P release. Important to note, though, is that most of these studies were greenhouse pot studies using relatively small volumes of soil. Raliya et al. (2016) did not report soil volume or mass and Zahra et al. (2015) grew one plant per pot but in only 300 g of soil. As mentioned previously, it is well known that small soil volumes in pots can create root-bound effects, limiting the field interpretation of greenhouse studies (Poorter et al., 2012) . These investigations provide provocative results that should be explored but need to be critically evaluated further for useful applications to be developed.
Alternative Phosphorus Sources
In nature, plants primarily utilize OP in the H 2 PO 4 and HPO 4 -2 chemical forms. Research into systems using condensed phosphates and more recently, reduced forms of P [e.g., P(III) instead of P(V)] have been investigated and show tremendous promise when applied to appropriate situations.
Polyphosphates
Ammonium polyphosphate is one of the most popular forms of liquid P fertilizer on the market today. Containing approximately one-quarter to one-half OP and the remainder polyphosphates (PP) (e.g., pyrophosphate, triphosphate), the fertilizer is typically chosen by farmers on the basis of price per unit P and preferred application method rather than agronomic efficiency (IPNI, 2019) . The condensed forms of P typically are hydrolyzed to OP by enzymes released from soil microorganisms and plant roots. How quickly the conversion proceeds depends on environmental conditions such as temperature, P concentration, and pH (Dick and Tabatabai, 1986; McBeath et al., 2006 McBeath et al., , 2009 . One concern often raised is that because PP must go through the hydrolysis step for the nutrient to become plant available, early-season growth may be compromised when this reaction is slow (McBeath et al., 2006) . Whether the use of PP improves P acquisition efficiency is debated and certainly depends on soil conditions and cropping system. At least part of the confusion in both the scientific and the grower community stems from the fact that liquid and granular P products can perform very differently in high P fixing soils (Hettiarachchi et al., 2006; Lombi et al., 2004; Montalvo et al., 2014; Pierzynski and Hettiarachchi, 2018) . In laboratory-based incubation studies, Weeks and Hettiarachchi (2017) demonstrated that the presence of PP in liquid formulations, even at concentrations as low as ~10% of total P, may dramatically reduce P precipitation as Ca-P relative to technical grade MAP in a calcareous soil. One hypothesis is that PP disrupt the crystal structure of Ca-P minerals, rendering them more soluble (Fleisch et al., 1968) . This advantage is not apparent, and PP application may even be detrimental in some ironand aluminum-rich acid soils where inner-sphere complexation is the dominant mechanism of fixation (Montalvo et al., 2014; Weeks and Hettiarachchi, 2018) . Sorption experiments by McBeath et al. (2007) show that PP and OP behavior can vary widely with soil characteristics beyond simple differences in pH as well. At this point, enough data do not exist to determine exactly how the PP behave once applied to soil. Because PP are typically not used in granular form and OP-based liquid fertilizers are less common, the liquid/granule and ortho-/ polyphosphate impacts become confounded in studies that compare granular and liquid forms without adequate controls. Pot trials presented by Holloway et al. (2001) illustrate that formulation by speciation interactions can be significant or not in soils of various characteristics. Polyphosphate species likely matters as well (Dick and Tabatabai, 1986; Torres-Dorante et al., 2006) . Surely, more laboratory and field work will be necessary to gain a nuanced understanding as to when the use of condensed P may be beneficial.
Phosphite (Phosphorous Acid)
Application of phosphite (HPO 3 -2 ) (Phi) salts as a source of P fertility in agricultural systems dates back to about the end of World War II and has produced highly variable results in traditional agriculture systems (Morton and Edwards, 2005; Thao and Yamakawa, 2009) . Because Phi can be taken up by plants in roots and leaves but cannot replace OP in metabolic functions, the exact explanation for the inconsistent observations is complex (Ouimette and Coffey, 1990) . When applied to crops on soil with sufficient OP availability, Phi may act as a fungicide that prevents negative effects of even minor infections by Oomycetes, such as Pythophthora (Förster et al., 1998) . Plants cultivated under low P status conditions where Phi has been applied, however, can grow more poorly even when only a small fraction of total P is supplemented with Phi (Avila et al., 2011; MacIntire et al., 1950) . This is likely due to attenuation of the plant's P starvation response systems, such as release of enzymes to metabolize exogenous nucleic acids and alterations of root morphology, that would normally attempt to correct low internal P status. As a result, P deficiency in crops is exacerbated as the plant's biochemical gene control systems "think" their P status is sufficient while not actually being able to use the P that is present (Ticconi et al., 2001) . Once in the soil, Phi can remain several months before conversion to OP via bacterial oxidation, rendering its use as a fertilizer minimal in the growing season of application (Adams and Conrad, 1953) .
Advancements in biotechnology may possess the ability to change the game in this arena, however. Considering Phi is a significant waste product of the chemical and automotive industry, being able to utilize the compound as a plant nutrient would be a substantial step in the direction of closing the global P cycle and improving overall use efficiency (Kuroda and Hirota, 2015) . Originally developed by López-Arredondo and Herrera-Estrella (2012) in Arabidopsis, Manna et al. (2016) was able to successfully incorporate a codon optimized version of the ptxD gene from Pseudomonas stutzeri into rice (Oryza sativa L.) via an Agrobacterium tumefaciens mediated transformation. The gene codes for the production of the enzyme Phi dehydrogenase, allowing the plant to catalyze the oxidation of Phi to OP internally, thus alleviating the deficiency issues observed in the original studies that investigated Phi as source of fertility. Further successful incorporation has been conducted in maize and cotton as well (Nahampun et al., 2016; Pandeya et al., 2018) . Phosphite concentration in transgenic aboveground tissue was below detection limits but was present in wild-type controls, suggesting successful metabolism of Phi to OP in these trials (López-Arredondo and Herrera-Estrella, 2012; Manna et al., 2016) .
The benefits of using a Phi-based P fertility system are not limited solely to diversification of P sources and fungal management. Weed growth also appeared to be greatly suppressed, but not completely eliminated, when Phi was applied relative to OP. Growth of cotton, tobacco (Nicotiana tabacum L.), and rice in competition experiments was significantly enhanced as a result of the reduced weed performance (López-Arredondo and Herrera-Estrella, 2012; Manna et al., 2016; Pandeya et al., 2018) . Both pre-and post-emergent control were observed using Phi foliar application in greenhouse pot trials while simultaneously supplying adequate nutrition to the transgenic plants (López-Arredondo and Herrera-Estrella, 2012; Manna et al., 2016) . Because weeds cannot use the applied Phi, control is enhanced as crop canopy develops through increased shading, further bolstering crop competitiveness (Pandeya et al., 2018) . One concern of soil applying Phi is that repeated use could lead to a buildup of OP over time as soil microorganisms oxidize the reduced P species (López-Arredondo and Herrera-Estrella, 2012; MacIntire et al., 1950) . The impact of this on the efficacy of the transgenic approach is uncertain at this time and likely to be a function, at least in part, of inherent soil properties (MacIntire et al., 1950) . There is a dearth of investigations into Phi behavior in soils, but work completed by Rothbaum and Baillie (1964) found that Phi binds less strongly to colloids than does OP. This may mean that less total P, relative to OP-based systems, will need to be added to achieve comparable or greater crop yields especially in soils with high fixation capacity (López-Arredondo and Herrera-Estrella, 2012). Furthermore, this would suggest that diffusion distance from the point of application may be greater under certain conditions, possibly resulting in greater crop root interception and exploitation.
Surface water pollution may be mitigated by these systems as well. Because Phi is not metabolized by algae, algal bloom issues might be lessened in freshwater systems receiving P from farm runoff or tile drain leaching. The compound does not appear to be lethal to algae but inhibits growth through competition with OP much like the observations reported on terrestrial experiments (Loera-Quezada et al., 2015) . The rate of microbial oxidation from Phi to OP will likely dictate the efficacy with respect to this facet of the proposed system. One environmentally relevant point to note is that Phi and hypophosphite are precursors to the production of the toxic gas, phosphine. Whether widespread use of Phi as a fertilizer would lead to concerning levels of phosphine emission from fields or waterbodies requires detailed study and likely would be dependent on variables such as concentration, temperature, and pH (Pasek et al., 2014) .
Field-scale trials are mandatory to determine whether this fertility system can be truly viable in the future (López-Arredondo and Herrera-Estrella, 2012; Manna et al., 2016) . There may be potential for creative applications of this technology to supplement current practices. For example, MacIntire et al. (1950) showed Phi is not useful or is detrimental to nontransgenic crops in the first year but can provide similar performance to OP-based fertilizers in the second crop. Could Phi be used in rotation systems like corn-soybean where P is only applied every other year to better supply second year crop, or could it be implemented in perennial stands, like alfalfa (Medicago sativa L.), to avoid competition in the year of establishment? Such questions remain to be answered.
Conclusions
Phosphorus management in agricultural soils is never going to be simple, and one single solution cannot solve the issue of providing all crops in all soils with optimal fertility with minimal loss to the environment. Although this review focuses on fertilizer technology, it is important to note that not all soils require P fertilization on a regular basis and some substantial gains in use efficiency are possible if soil testing methods are improved and conducted regularly (Syers et al., 2008) . Improvement in communication between researchers and farmers on issues like this could have a greater impact on global P use efficiency than any innovative technology ever could.
Nevertheless, the disciplinary landscape is diverse with respect to work on these materials. Many types of chemists, engineers, and agronomists are working in good faith to make progress in this arena but often lack the interdisciplinary collaboration that would allow for greatly strengthened results with very little additional effort. While understanding that no study can be completely perfect, too frequently pieces are missing that obscure interpretation of how new fertilizers will actually perform in real field situations. We strongly encourage more intentional formation of transdisciplinary research consortiums that use the collective knowledge of each group to make functional and useful products.
